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Abstract. The Polar satellite with its high apogee and high
latitude orbit offers a unique opportunity to chart the dayside
open/closed field line boundary (OCB). The data from ener-
getic particle and plasma measurements are examined to ob-
tain the position of the OCB for a range of IMF and magnetic
disturbance conditions. The Polar observations were taken
within two hours of local noon in the spring and fall 1996
and spring 1997. These data were examined for evidence of
IMF and solar wind control of the OCB. Some evidence of
control was observed in the Polar data. However, the OCB
position was found to depend more strongly on the magnetic
activity levels than on IMF BZ and solar wind pressure, for
example. Examination of the invariant (Λ) and magnetic (λ)
latitude of OCB for BZ < 1 gave better results than using the
whole data set. For BZ < 1 the OCB Λ  ~ 78.9 + 0.38 BZ
and examination of the VBZ dependence gave
Λ  ~ 78.9 + 1.023 VBZ. The comparison with KP gave
Λ  ~ 80.2 – 0.88 KP. These dependencies are similar to
those previously observed for the auroral zone boundaries.

1 Introduction

There have been many studies of magnetospheric boundaries
using both low and high altitude satellites. For example, there
have been studies of the response of the cusp and the auroral
oval and its boundaries to the IMF, solar wind, and magnetic
activity conditions (see Hardy et al., 1981; Meng and Makita,
1986; Haerendel and Paschmann, 1982). Such studies have
shown that the cusp and dayside aurora respond both to mag-
netic activity and external conditions.

In the present paper we attempt to identify and determine
the boundary between open and closed geomagnetic field lines
in the magnetosphere (hereafter denoted the OCB) with em-
phasis on the dayside high latitude regions. The OCB should
move in much the same way as the poleward auroral and cusp
boundaries discussed in the references above. The determina-
tion of the boundary between open and closed geomagnetic
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field lines is not an easy task and requires careful examination
of the data. For example, discerning whether a field line sup-
ports particle bounce motion is not a sufficient criterion be-
cause there can be such bounce motion on open field lines
which thread a region of relative magnetic field intensity min-
ima created by localized currents such as noted by Croley et
al. (1982). Flux tubes that contain isotropic particle distribu-
tions or magnetosheath plasma may indeed be closed although
the particles observed appear to have exo-magnetospheric
sources. It is possible for particles to leave or be attached to
closed field lines because their adiabatic invariants are violated
by time dependent fields (magnetic and electric) or by strong
magnetic field curvature and gradients near current sheets
(Alfvén, 1963).

Thus, it is difficult to label field lines as open or closed
without careful assessment. We often take advantage of the
fact that years of careful observations have allowed us to dis-
cern whether a particle distribution is from an exo-
magnetospheric source or whether it is magnetospheric. One
example of this is the soft particle fluxes observed at high
latitudes of the near local noon magnetopause, i.e. the
cusp/LLBL/cleft regions. The cusp, which contains magne-
tosheath plasma, is thought to be clearly on open field lines
while the LLBL and cleft fluxes, which appear to be a mixture
of unaccelerated magnetosheath and magnetospheric or acceler-
ated magnetosheath fluxes, can exist on both open and closed
field lines. Recently, Lockwood (1997) has argued that the
dayside OCB should be found equatorward of the cusp if the
reconnection or merged magnetosphere model is the correct
picture. If that is the case, it becomes impossible to uniquely
identify the dayside OCB.

However, the attempt to identify the OCB boundary is a
worthwhile exercise because it is a basic concept and starting
point for models of dayside solar wind magnetosphere interac-
tions and magnetic field models. The passage of particles and
energy across this boundary is a driver of magnetospheric
processes. As noted above, it is expected that the position of
the cusp/LLBL transition is close to and moves with the OCB
(see Smith and Lockwood (1997) and Newell (1994). Using
this assumption, we attempt to discern, as best we can, the
position of the OCB boundary and examine its response to
both external and internal conditions.



For this paper we set as our goal to identify the OCB and
determine its motions, in a statistical sense, under varying
magnetic activity levels, IMF and solar wind conditions. In a
later paper we plan to compare the observed OCB to the pre-
dictions of the field models such as the Tsyganenko (1990).

2 Instrumentation and Coordinates Used

For this study we used a suite of energetic particle and plasma
instruments from the Polar satellite. Polar is in an approxi-
mately 2 × 9 RE orbit at ~86° inclination with an orbital pe-
riod of ~18 hours. We used data from the MICS
(Magnetospheric Ion Composition Sensor), the IES and IPS
(Imaging Electron and Proton Spectrometers respectively) and
the Hydra plasma electron and ion sensors. The MICS meas-
ures ion fluxes in the energy range 1 - 400 keV/q and provides
both ion mass and charge state identification (Wilken, et al.,
1990). The IES and IPS measure the fluxes of >20 keV elec-
trons and >18 keV protons respectively (Blake et al., 1995)
over 4π sr in one satellite rotation. The Hydra DDEIS plasma
sensor measures electrons and protons in the energy range ~1
to 20 keV (Scudder et al., 1995). Only spin averaged data were
used for this study. The solar wind velocity and density data
are from the SWE experiment (Ogilvie, 1995) on the Wind
satellite while the interplanetary magnetic field (IMF) data are
from MFE (Lepping, et al., 1995) on Wind. Fifteen minute
running averages were made from the one minute MFE and
~90 sec SWE data for this study. The 15 minute averages
were corrected for the Wind satellite position relative to the
Earth.

The MICS composition measurements were used to iden-
tify the cusp by looking for intense high charge state ion
fluxes with emphases on the <10 keV He++ and O≥2+ ions. The
intensity and spectra of the >1 keV H+ from MICS and the 10
eV to 20 keV electron and proton spectra from Hydra were
used to confirm the cusp and LLBL identifications. The IES
and IPS were also used to help define the position of the day-
side last closed drift boundary and plasma sheet boundary for
energetic particles. Here, we have selected the transition from
LLBL to cusp/cleft fluxes as our working definition of the
OCB.

A static magnetic field model (IGRF96) was chosen for
presentation of the OCB. Each Polar OCB crossing was
tagged with its GSM position, invarient  (Λ) and magnetic
(λ) latitude and magnetic local time (MLT). The observed
changes in the OCB position in Λ and λ can then be ascribed
to effects such as auroral currents and interplanetary condi-
tions. Mapping the OCB in this way does account for the
motion of the Earth's dipole relative to the sun line so that, to
first order, this "geometric" effect is removed.

3 Observations

 An example of a boundary identification in the Polar data
is shown in Fig. 1. The point chosen for our OCB boundary
is identified by the vertical white line near 1240 UT and corre-
sponds to the transition from a hotter magnetospheric plasma
to an intense but colder magnetosheath plasma with high
charge state ions such as He++ and O≥2+(top two panels of

Fig 1). Using such identifications, we examined all the day-
side high latitude crossings that occurred while Polar's orbit
plane was within about two hours of the noon midnight me-
ridian. This corresponded roughly to three different intervals (1
April - 15 May, 1996; 15 September - 15 November, 1996;
15 March - 15 May, 1997). The periods where the MICS was
not operating and Wind was inside the bow shock were ex-
cluded from the study. These intervals provided 155 usable
dayside crossings. We used Λ , which is a magnetic field line
label like L  , in an attempt to cast the observations  into a
system that is independent of the altitude of the observations.
However, we show (below; Fig 4) both Λ and λ  for each
OCB crossing for comparison.

Figure 1 also shows a determination of the near midnight
plasma sheet boundary layer (PSBL) boundary near 0615 UT.
When this boundary is sharp and the polar cap above the
boundary is empty of plasma ion and accelerated plasma elec-
tron fluxes (i.e. no plasma electrons other than polar rain)
then we take this boundary to be the nightside polar cap or
tail lobe boundary (TLB).

Because the Polar orbit is so long (~18 hr), the Polar parti-
cle data cannot be used to track the OCB motions carefully
with time. These data can address the motions only in the
statistical sense. Thus, it is important to know the range of
magnetic activity levels and IMF and solar wind conditions
that existed during the Polar observations. Fig. 2 shows the
range of KP (2a), DST (2b), IMF BZ (2c), solar wind pressure
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Fig. 1. MICS He++, IES, IPS, and MICS H+ spectrograms for April 22,
1996. The vertical while lines mark boundaries in the data. The
boundary near 1240 UT is the OCB chosen for the dayside tra-
versal



(PSW; 2d), the solar wind speed (2e), and solar wind density
(NSW; 2f) that obtained for the Polar boundary crossings peri-
ods used in this study. It can be seen that there were not large
numbers of extreme values and there were no large magnetic
storms such as those discussed by Meng (1984). The average
values of these parameters and their standard deviation for the
Polar dayside crossings were KP ~ 1 ±1.2, DST ~ -13.5
±15.5 nT, PSW ~ 2.7 ±1.4 nP, BZ ~ -0.1 ±3.2 nT, VSW

~ 411 ±78 km/sec, and NSW ~ 9.1 ±5.7 cm–3.
Figure 3 displays OCB and TLB (Tail Lobe Boundary: tran-

sition from tail lobe to plasma sheet boundary layer) posi-
tions in invariant latitude (Λ) versus MLT for the 155 Polar
traversals used in this study. This shows that indeed the ma-
jority of dayside OCB traversals occurred within two hours of
magnetic local noon because of our orbit pre-selection. The
TLB  data will be discussed elsewhere. We used the Λ, mag-
netic latitude (λ) and MLT (based on IGRF95) from the Polar
ephemeris (provided by Goddard Space Flight Center) for this
study. The OCB values were observed mostly in the range
75 < Λ  < 83 and 48 < λ < 68.

Figure 4 shows scatter diagrams which contain many of the
basic results for the Polar dayside crossings. We have plotted
both the Λ and λ of the OCB positions against other parame-
ters such as IMF BZ to discern if the OCB position was con-
trolled by or correlated with the selected parameters. The static
IGRF95 field model Λ and λ values were used because they do
not depend on any of the observables we compared with the
OCB positions. We were primarily looking for dependencies
that might be related to the IMF and solar wind conditions or
magnetic activity.

Figure 4a shows the Λ and λ of the OCB plotted versus the
IMF BZ. The scatter is fairly large. The best linear fit is
shown by the lines and indicates a positive dependence of the
OCB Λ and λ with IMF BZ. The coefficients of the fit and the
correlation coefficient, represented by the Pierson's R value,
are given in the insert on panel (a). The R value for the IMF
BZ dependence of the OCB in Λ and λ  are 0.23-.27 and indi-
cates there may be some weak relationship between the OCB
latitude and BZ. However, such small correlation coefficients
are consistent with there being no correlation. We also exam-
ined the OCB Λ dependence on IMF BX and BY (not shown).
Both had linear fits with a slope of ~ 0.0 and very small R
values (≤ 0.1) indicative of lack of correlation. The average
OCB Λ  and λ and their standard deviations for the 155 Polar
dayside crossings were 78.5° ±1.6 and 58.4° ±5.3 respec-
tively.

Figure 4b shows the OCB position in Λ and λ  plotted ver-
sus solar wind pressure, PSW. The linear fits show a negative
trend with PSW, indicating that the OCB latitude decreases
with increased PSW, as expected. However, the R value of the
fits (see inset) are quite small (~ 0.16) and is probably not
indicative of a real dependence of the OCB on PSW. We also
examined the dependence of the OCB on the components of
the solar wind pressure such as the XGSM component of the
solar wind velocity, VX(sw) (panel c) and the solar wind den-
sity, NSW (panel d). Fig. 4d shows there was no dependence on
the solar wind density with the slope of the fits near zero and
the R value < 0.04. The solar wind velocity did show a trend,
with Λ and λ  of the OCB decreasing with increasing solar
wind speed. The R value for the fits of OCB Λ and λ  versus
VX were higher (~0.3) than for the PSW dependence. This indi-

cates that if there was a pressure dependence it was related
more to the solar wind velocity than density.

Figures 4e and 4f show the dependence of the OCB on
magnetic disturbance levels as characterized by KP and DST.
Both show a decrease in the OCB latitudes with increasing
disturbance levels. The KP and DST relationships have the larg-
est R values and are the most believable trends in Fig. 4.
Again, we point out that the range of KP and DST for these
data was relatively narrow and there were only three boundary
crossings for which KP ≥ 5 and only two for which
DST < -50 nT (see Fig. 2). So what Fig. 4e and Fig. 4f show
is that there is a significant control of the dayside OCB lati-
tude for very modest activity levels.

Taking a cue from the Hardy et al. (1981) study, we exam-
ined the BZ dependence of the OCB in greater detail. Since the
majority of the IMF BZ values lie in the range -10 < BZ <10
nT, we examined the trend of Λ with BZ over this reduced
range to eliminate the few points with |BZ| > 10 nT. The
result is shown in Fig. 5a. Three separate linear fits are made
to the data. First we fit the total data set as shown by the line
marked [1]. The fit coefficients and R value are shown in the
inset labeled [1]. We separately fit those points that had
BZ < 1 nT and BZ > 0 nT as shown by the solid and dashed
lines marked [2] and [3] respectively. Their coefficients and R
values are shown in the insets labeled [2] and [3]. Figure 5a
shows that the BZ < 1 nT points (case [2]) had the strongest
correlation with an R value of ~0.43. This is larger than the
R value for cases [1] and [3]. The BZ > 0 nT values showed
no correlation with OCB Λ (case [3]) while the total data set
had, at best a weak correlation. This result is similar to the
results others have obtained when trying to show whether
there was a relationship between dayside auroral boundaries
and IMF BZ (Hardy et al., 1981; Meng and Makita, 1986).

Because of the magnetic activity dependence observed in
Fig. 4, we considered the possibility that the cross magneto-
sphere electric field imposed by the solar wind may be a con-
trolling factor. Thus, we examined the variation in the OCB
latitude with VBZ (in mV/m) as shown in Fig. 5b. We re-
stricted the OCBs to those that had BZ < 1 nT and found a
modest correlation with R ~ 0.47 and a slope of +1.023
deg/(mV/m). This would indicate that the dayside OCB has
some dependence on the effective solar wind electric field.
Since KP might have a similar dependence on the solar wind
electric field, we examined the KP versus VBZ relationship as
shown in Fig. 5c. The R value is comparable to that of Fig.
5b and Fig. 4e. The Fig. 5b and Fig. 5c fits are consistent
with that of Fig. 4 which indicates the OCB dependence on KP

most likely represents an OCB dependence on the solar wind
electric field.

We also examined the OCB dependence on VBZ
2 and BZ

2

(not shown) for a solar wind energy coupling relationship and
found no significant correlation. We also examined the OCB
in terms of the satellite position in GSM coordinates and
found that there was no organization of the data relative to any
of the IMF, solar wind and distrubance parameters  or the co-
ordinates themselves (see Fennell et al., 1997). Here, they
were best organized in the static magnetic field model.



4 Discussion

In a sense, the KP and DST relationships are analogous to those
obtained by Hardy et al., (1981), Gussenhoven et al, (1981)
and Meng and Makita (1986) for auroral zone features.
Gussenhoven et al. (1981) and Hardy et al. (1981) examined
the latitude of the inner edge of the plasma sheet in relation-
ship to KP, IMF BZ, solar wind speed, and solar wind electric
field (VBZ) while Meng and Makita examined the latitude of
different auroral boundaries in relationship to BZ and Meng
(1984) examined the motion of the cusp in response to DST.
The DMSP data set was used for those studies to obtain the
auroral boundaries in corrected geomagnetic latitude. In the
prenoon sector (09-10 MLT), Gussenhoven et al (1981; Table
1) found that the corrected geomagnetic latitude of the equa-
torward auroral boundary (ΛEAB) related to KP as
ΛEAB ~ 69.1 - 1.64 KP which has about twice the slope we
observed for the OCB vs Λ , as seen in Fig. 4e, but about
70% of the slope value we obtained for the KP dependence
versus λ. Since neither Λ nor λ  is directly comparable to the
corrected geomagnetic latitude used by these authors we can
only say the trends are surprisingly similar given the different
types of boundaries studied.

The Hardy et al. (1981) data were sparse near noon. How-
ever in the 10-11 MLT interval they obtained ΛEAB

~ 66.2 + 0.284 BZ for the equatorward auroral boundary
with a correlation coefficient of ~0.6. This slope is within
25% of the slope of the BZ dependence we found for the OCB
in Λ and within ~30% of that in λ. In the 06-10 MLT region
Meng and Makita (1986) found that the BZ dependence of the
poleward auroral boundary (ΛPAB) corresponded to
ΛPAB ~ 80.3 + 0.77 BZ with a correlation coefficient of
~0.52 which is large compared to our OCB dependence even if
restricted to BZ < 1 (see Fig. 5a-[1]). Meng and Makita found
a slightly higher correlation (~ 0.64) if the IMF values from
the hour preceding the DMSP boundary traversal were used.
Both Hardy et al. (1981) and Meng and Makita (1986) found
that there were better correlations with BZ negative than for BZ
positive, consistent with expectations and also our observa-
tions of the OCB (see Fig. 5a).

The poleward auroral boundary of Meng and Makita (1986)
and the cusp boundary of Meng (1984) should be more di-
rectly comparable to the results presented here. however, we
observe a smaller BZ dependence with smaller correlation coef-
ficients, even given the different latitude systems used. We
have not attempted to track the dayside OCB through mag-
netic storms like those of Meng (1984) because of the ~18 hr
orbital period of Polar and the lack of moderate to large
storms during the periods that the Polar orbit was near the
noon midnight plane.

In future studies we plan to compare our results to a dy-
namical magnetic field model such as the Tsyganenko (1996)
model and with simultaneous DMSP observations.
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